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Exceptional point (EP) associated with the parity-time (PT ) symmetry breaking is receiving considerable
recent attention by the broad physics community. By introducing balanced gain and loss, it has been realized in
photonic, acoustic, and electronic structures. However, the observation of magnonic EP remains elusive. The
major challenge is to experimentally generate the negative Gilbert damping, which was thought to be highly
unlikely but is demanded by the PT symmetry. In this work, we study the magneto-optical interaction of
circularly-polarized lasers with a submicron magnet placed in an optical cavity. We show that the off-resonant
coupling between the driving laser and cavity photon in the far-blue detuning can induce the magnetic gain (or
negative damping) exactly of the Gilbert type. A hyperbolic-tangent function ansatz is found to well describe
the time-resolved spin switching as the intrinsic magnetization dissipation is overcome. When the optically
pumped magnet interacts with a purely lossy one, we observe a phase transition from the imbalanced to passive
PT symmetries by varying the detuning coefficient. Our findings provide a feasible way to manipulate the sign
of the magnetic damping parameter and to realize the EP in cavity optomagnonics.
Introduction.—One of the most fundamental principles in
quantum mechanics is that a physical observable should be
described by a Hermitian operator to guarantee real eigenval-
ues [1]. However, Bender and Boettcher [2] reported a class
of non-Hermitian Hamiltonians that allow entirely real spec-
trum as long as the combined parity (P) and time (T )-reversal
symmetries are respected. By tuning system parameters, both
the eigenvalues and eigenstates of the PT -symmetric Hamil-
tonian simultaneously coalesce [3, 4], giving rise to a non-
Hermitian degeneracy called exceptional point (EP). The na-
ture around the EP that is accompanied by a phase transi-
tion can trigger many intriguing phenomena, such as unidi-
rectional invisibility [5, 6], loss-induced laser suppression and
revival [7] and optical transparency [8], laser mode selection
[9], and EP enhanced sensing [10–13]. Over the past decades,
the experimental observation of EPs has been realized in a
broad field of photonics [14–17], acoustics [18, 19], and elec-
tronics [20–22]. Very recently, the concept of PT symmetry
is attracting significant attention in spintronics and magnonics
[23–31]. The simplest way to obtain a PT -symmetric system
consists in coupling two identical subsystems, one with gain
and the other with equal amount of loss. The composite sys-
tem is PT symmetric because space reflection interchanges
the subsystems, and time reversal interchanges gain and loss.
Indeed, a PT -symmetric magnetic structure composed of two
identical ferromagnets with balanced gain and loss was first
proposed by Lee et al. [23] and subsequently investigated by
Yang et al. [27]. One recent breakthrough was made by Liu
et al. [32] who reported EP in passive PT -symmetric devices
in the form of a trilayer structure with two magnetic layers
of different (positive) Gilbert damping. However, the exper-
imental observation of genuine PT symmetry for magnons
(the quanta of spin waves)—as elementary excitations in or-
dered magnets—is still elusive. The difficulty lies in that the
Gilbert damping can hardly be tuned to be negative [33, 34].
The past ten years have witnessed the development and
application of spin cavitronics, allowing cavity photons res-
onantly coupled to magnons with the same microwave fre-
quency [35–46]. One recent trend beyond microwaves is the
realization of the parametric coupling between optical lasers
and magnons, that would generate interesting new opportuni-
ties. Tantalizing physics indeed has been demonstrated, such
as nonreciprocal Brillouin light scattering [47], microwave-
to-optical converting [48, 49], optical cooling of magnons
[50], etc. In these studies, considerable interests have been
drawn to the scalar properties of magnons, e.g., magnon num-
ber (population), temperature, and chemical potential, which
is successful to describe the small-angle spin precession. In
contrast, their vectorial behavior, i.e., the full time-evolution
of the magnetic moment driven by optical lasers, remains
largely unexplored, with few exceptions [51]. It has been
shown that a ferromagnetic-to-antiferromangetic phase tran-
sition may emerge in the vicinity of the magnonic EP [27]. In
such case, the magnetic moment would significantly deviate
from its equilibrium direction, and a vectorial field descrip-
tion becomes more relevant than a scalar one.
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FIG. 1: (a) Schematic illustration of a macrospin S interacting
with three orthogonally propagating circularly-polarized lasers (red
beams) in an optical cavity. Off-resonant coupling between the driv-
ing laser (ωlas) and the cavity photon (ωcav) mediated by magnons
(ωm  ωcav) in the blue (b) and red (c) detuning regimes.
In this Letter, we propose to realize the negative Gilbert
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2damping by considering the optomagnonic interaction be-
tween three orthogonally propagating circularly-polarized
lasers and a submicron magnet placed in an optical cavity [see
Fig. 1(a)]. By solving the coupled equations of motion and
integrating the photon’s degree of freedom, we derive the an-
alytical formula of the optical torque acting on the macrospin.
In the far-blue detuning, we find that the optical torque exactly
takes the Gilbert form −αoptS S˙ × S with αopt > 0 (see below).
The total Gilbert damping becomes negative when the intrin-
sic dissipation is overcome. In such case, a hyperbolic-tangent
function ansatz is found to well describe the time-resolved
spin switching. We further study the optically pumped spin
interacting with a purely lossy one, and observe a phase transi-
tion from the imbalanced to passive PT symmetries by vary-
ing the detuning parameter.
Model.—The proposed setup is schematically plotted in
Fig. 1(a). Three circularly-polarized laser beams propagat-
ing respectively along x, y, z directions drive the parametric
coupling with a macrospin S = (Sˆx, Sˆy, Sˆz) inside the optical
cavity. The Hamiltonian reads
H = −~ω0Sˆ z − ~
∑
j=x,y,z
(
∆ j − g jSˆ j
)
cˆ†j cˆ j +Hdr, (1)
where ω0 = γB0 is the Larmor frequency around the exter-
nal magnetic field B0 pointing to the negative z-direction with
γ being the gyromagnetic ratio, ∆ j = ωlas, j − ωcav is the de-
tuning between the laser frequency ωlas, j and the cavity reso-
nant frequency ωcav, and cˆ
†
j (cˆ j) is the creation (annihilation)
operator of the optical cavity photons, with j = x, y, z. The
coupling strength g j between the spin and optical photon orig-
inates from the Faraday-induced modification of the electro-
magnetic energy in ferromagnets [52]. The last term describes
the interaction between the driving laser and the cavity pho-
tonHdr = i~∑ j(A jcˆ†j − h.c.), where A j = (2κ jP j/~ωlas, j)1/2 is
the field amplitude, with κ j the laser loss rate and P j being the
driving power.
The Heisenberg-Langevin equations of motion for coupled
photons and spins are expressed as (o ≡ 〈oˆ〉),
c˙ j = (i∆ j − κ j)c j − ig jS jc j + A j, (2a)
S˙ x = ω0S y + gynyS z − gznzS y, (2b)
S˙ y = −ω0S x − gxnxS z + gznzS x, (2c)
S˙ z = −gynyS x + gxnxS y, (2d)
where n j = 〈cˆ†j cˆ j〉 is the average photon number in the cav-
ity. Because the spin dynamics usually is much slower than
optical photons, one can expand the cavity photon operator as
c j(t) ≈ c j0(t) + c j1(t) + · · · , in orders of S˙ j. Equation (2a) then
can be recast in series
0 = (i∆ j − κ j)c j0 − ig jS jc j0 + A j, (3a)
c˙ j0 = (i∆ j − κ j)(c j0 + c j1) − ig jS j(c j0 + c j1) + A j, (3b)
by keeping up to the first-order terms. We can therefore derive
the formula of photon number in the cavity
n j(t) ≈ |c j0|2 + 2Re[c∗j0c j1]
=
A2j
(∆ j − g jS j)2 + κ2j
−
4κ jA2jg j(∆ j − g jS j)[
(∆ j − g jS j)2 + κ2j
]3 S˙ j. (4)
Substituting (4) into Eqs. (2b)-(2d), we obtain
S˙ = −γS × Beff + αS (S˙ × S) − βopt × S, (5)
where the effective magnetic field Beff = −B0ez + Bopt in-
cludes both the external magnetic field and the optically in-
duced magnetic field
Bopt =
∑
j
γ−1g jA2j
(∆ j − g jS j)2 + κ2j
e j, (6)
which is the zeroth-order of S˙ j. The second term in the right
hand side of (5) is the intrinsic Gilbert damping torque, with
S = |S| the total spin number and α > 0 being the intrinsic
Gilbert damping constant. The last term in (5) represents the
optical torque with the anisotropic effective field
βopt =
∑
j
4κ jA2jg
2
j (∆ j − g jS j)[
(∆ j − g jS j)2 + κ2j
]3 S˙ je j, (7)
which is linear with the first-order time-derivative of S j. Be-
low, we show that the anisotropic nature of (7) can be smeared
out under proper conditions.
Negative Gilbert damping.—To obtain the optical torque of
exactly the Gilbert form, we make two assumptions: (i) the
three laser beams are identical, i.e., A j = A, g j = g, κ j = κ,
and ∆ j = ∆; (ii) the optomagnonic coupling works in the far
detuning regime, i.e., |η|  1 with η = ∆/(gS ), which allows
us to drop the g jS j terms in Eq. (7). The optically induced
effective fields then take the simple form
Bopt =
γ−1gA2
∆2 + κ2
∑
j
e j, (8)
and
βopt =
αopt
S
S˙, with αopt =
4κA2g2S ∆
(∆2 + κ2)3
(9)
being the laser-induced magnetic gain or loss that depends the
sign of the detuning ∆. Based on the above results, we finally
obtain the optically modulated spin dynamics
S˙ = −γS × Beff + αeffS (S˙ × S), (10)
with αeff = −αopt + α. One can observe that a negative ef-
fective Gilbert constant (αeff < 0) emerges in the far-blue de-
tuning regime, i.e., 1 < η < ηc. In case of the red detun-
ing (η < 0), we have αopt < 0, which indicates the enhance-
ment of the magnetic attenuation. In the deep-blue detuning
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FIG. 2: Optically induced magnetic gain (a) and magnetic field (b)
vs. the optical detuning parameter η. (c) ηPT (orange) and ηC (green)
as a function of the driving laser power. (d) Radius dependence of
the laser power at the compensation point ηC = 7.11.
regime (η > ηc), driving lasers can still generate the magnetic
gain (αopt > 0) but cannot compensate the intrinsic dissipa-
tion, i.e., 0 < αopt < α. Here ηc is the critical detuning pa-
rameter at which the effective Gilbert damping vanishes. The
physics can be understood from the diagram plotted in Figs.
1(b) and 1(c): In the blue detuning regime (ωlas > ωcav), mi-
crowave magnons are emitted in the non-resonant interaction
between the driving laser and the cavity photon, representing
a magnetic gain. On the contrary, they are absorbed in the red
detuning (ωlas < ωcav), manifesting a magnon absorption or
cooling. Below we discuss practical materials and parameters
to realize this proposal.
Materials realizations.—For a ferromagnetic insulator like
yttrium ion garnet (YIG), the intrinsic Gilbert constant α typ-
ically ranges 10−3 ∼ 10−5 [53–55]. We take α = 10−4
in the following calculations. The magneto-optical coupling
strength is determined by the Faraday rotation coefficient θF
of the materials gS ' cθF/√r, with c the speed of light and
r the relative permittivity (for YIG, we choose r = 15 [56]
and θF = 188◦/cm [57]). We thus have gS/2pi ≈ 1 GHz. The
optical cavity is set at the resonant frequency ωcav/2pi = 100
THz with the loss rate κ/2pi = 1 GHz. For a YIG sphere of
radius r = 10 nm and spin density ρs ≈ 1028 m−3, we esti-
mate the total spin number S = ρsr3 ≈ 104 and the coupling
strength g/2pi ≈ 0.1 MHz. Materials parameters are summa-
rized in Table I. Because g  κ, all interesting physics occurs
in the weak coupling regime. A negative αeff is demanded for
realizing the PT symmetry in magnetic system. Considering
the driving laser with a fixed power P = 1 µW, the effective
TABLE I: Parameters for optical cavity and YIG.
ωcav/2pi κ/2pi ω0/2pi gS/2pi r α
100 THz 1 GHz 10 GHz 1 GHz 10 nm 10−4
Gilbert-type magnetic gain is αeff = −α at ηPT ' 6.16, and
the critical gain-loss point αeff = 0 occurs at ηC ' 7.11, indeed
satisfying the large-detuning condition |η|  1 in deriving (9).
Figure 2(a) shows the monotonically decreasing dependence
of the optically induced magnetic gain αopt on the detuning pa-
rameter η. The η-dependence of the optical field is plotted in
Fig. 2(b), showing that it monotonically decreases with the in-
creasing of the detuning, too. Enhancing the laser power will
push the two critical points ηC and ηPT into the deep detuning
region, as demonstrated in Fig. 2(c). For a magnetic sphere
of larger volume (1 µm)3 ∼ (1 mm)3 that contains a total spin
number S = 1010 ∼ 1019 with the reduced magneto-optical
coupling strength g/2pi = 10−1 ∼ 10−10 Hz, the required laser
power then should be 6 ∼ 15 orders of magnitude higher than
the nm-scale sphere case, as shown in Fig. 2(d).
Time-resolved spin flipping.—To justify the approximation
adopted in deriving the Gilbert-type magnetic gain, we di-
rectly simulate the time evolution of the unit spin components
(s j ≡ S j/S ) based on both Eq. (5) and Eq. (10). Numer-
ical results are, respectively, plotted in Figs. 3(a) and 3(b)
for the same detuning parameter η = 1.8 (corresponding to
an effective magnetic gain αeff = −0.0453) and ω0/2pi = 10
GHz. Both figures show that the very presence of the negative
Gilbert damping can flip the spin in a precessional manner,
with similar switching curves. The fast Fourier transforma-
tion (FFT) analysis of the spatiotemporal oscillation of sx also
confirms this point (see the insets). Although the analytical
form of sz(t) by solving (5) generally is unknown [58, 59], we
find an ansatz that can well describe the time-resolved spin
switching
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FIG. 3: Time evolution of unit spin components (sx, sy, sz) at de-
tuning η = 1.8 based on Eq. (5) (a) and Eq. (10) (b). Insets
show the FFT spectrum of sx. (c) Theoretical fittings of sz using
the hyperbolic-tangent ansatz (11) (dashed curves). The solid green
curve is the analytical formula without any fitting. (d) Numerical re-
sults of the η-dependence of the two characteristic times τ0 and τp,
comparing with formula (12) (solid curves).
4sz(τ) ' tanh
(
−τ − τ0
τp
)
, (11)
which is reminiscent of the Walker solution for modeling the
profile of 180◦ magnetic domain wall [60] by replacing the
time coordinate τ with the space coordinate x. Here τ0 is
the switching time, τp represents the life-time of uniform
magnons, and τ = ω0t. From perturbation theory, we derive
the analytical form of these two parameters
τp = −
1 + α2eff
αeff
, and τ0 = τp tanh−1
√
1 − 4B
2
opt
B2eff
. (12)
Figure 3(c) shows the time evolution of sz. Symbols repre-
sent the numerical results, dashed curves label the theoretical
fittings of ansatz (11), and the solid curve is the analytical for-
mula without fitting. The fitted switching time τ′0 = 100.4
(τ′′0 = 107.8) and magnon life-time τ
′
p = 14.9 (τ
′′
p = 22.4)
from from Eq. (5) [Eq. (10)] compare well with the analyt-
ical formula (12) which gives τ0 = 98.9 and τp = 22.1. We
further show that the analytical ansatz agrees excellently with
numerical results in a broad range of detuning parameters, as
plotted in Fig. 3(d).
Phase transition in spin dimers.—We have shown that un-
der proper conditions, one can realize the Gilbert-type mag-
netic gain which is essential for observing PT -symmetry in
purely magnetic structures. Next, we consider the optically
pumped spin S interacting with a lossy one S′, as shown in
Fig. 4(a). The coupled spin dynamics is described by the
Landau-Lifshitz-Gilbert equation
s˙ = −γs × Beff + ωexs × s′ + αeff s˙ × s, (13a)
s˙′ = −γs′ × B′eff + ωexs′ × s + αs˙′ × s′, (13b)
where s(′) ≡ S(′)/S is the unit spin vector. Since the optically
induced magnetic field is the same order of magnitude with
the geomagnetic field (much smaller than B0), it can be safely
ignored. Spin s′ is exchange coupled to the optically pumped
spin s, and suffers an intrinsic Gilbert damping. If αeff = −α,
the two-spin system satisfies the PT -symmetry: Eqs. (13) are
invariant in the combined operation of the parity P (s ↔ s′
and Beff ↔ B′eff) and the time reversal T (t → −t, s → −s,
s′ → −s′, Beff → −Beff, and B′eff → −B′eff).
Assuming a harmonic time-dependence for the small-angle
spin precession sx,y(t) = sx,yeiωt with |sx,y|  1, one can
solve the eigenspectrum of Eqs. (13). By tuning the spin-
spin coupling strength ωex, we observe a transition from exact
PT phase to the broken PT phase, separated by the EP at
ωcex/2pi = 1 MHz for η = ηPT = 6.16, as shown in Figs. 4(b)
and 4(c). Interestingly, the unequal gain and loss, i.e., αeff < 0
and αeff , −α, leads to an imbalanced parity-time (IPT )-
symmetry. In this region (η > ηIPT = 5.66), the eigenfrequen-
cies have different real parts but share the identical imaginary
one, as plotted in Fig. 4(d). A passive parity-time (PPT )-
symmetry is further identified when αeff > 0. In such case
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FIG. 4: (a) Spin dimmer consisting of an optically pumped spin s and
a purely lossy one s′. Evolution of eigenfrequencies vs. the exchange
coupling (b,c) at the detuning ηPT = 6.16, and vs. the detuning pa-
rameter (d,e) at the exchange coupling ωex/2pi = 1.5 MHz.
(η > ηPPT = 7.11), the imaginary part of both branches is
smaller than their intrinsic damping [see Fig. 4(e)].
Discussion.—In the above derivation, we focus on the case
that the intrinsic Gilbert damping is isotropic. Our approach
can also be generalized to treat the case when the intrinsic
damping is anisotrpic [61, 62]. The three propagating lasers
then should be accordingly adjusted to match the tensor form
of the intrinsic magnetic damping, by modulating the driving
power or the frequency of each beam, for instance. The red-
detuning region is appealing to cool magnons to the subtle
quantum domain. Inspired by PT -symmetric optics [19], we
envision a giant enhancement of the magnonic gain and an
ultralow-threshold magnon lasing in a two-cavity system with
balanced optical gain and loss, which is an open question for
future study. While the magnonic passive PT symmetry has
been observed by Liu et al. [32], the exact and imbalanced
PT phases are still waiting for the experimental discovery.
Conclusion.—To summarize, we have proposed an opto-
magnonic method to generate the negative Gilbert damp-
ing in ferromagnets, by studying the parametric dynamics
of a macrospin coupled with three orthogonally propagating
circularly-polarized lasers in an optical cavity. We analyti-
cally derived the formula of the optical torque on the spin
and identified the condition for the magnetic gain exactly in
the Gilbert form. We found a hyperbolic-tangent function
reminiscent of the Walker ansatz to well describe the time-
resolved spin switching when the intrinsic damping is over-
come. We finally investigated the spectrum of exchange cou-
pled spin dimers. By varying the detuning parameter, we ob-
served phase transitions from imbalanced to exact, and to pas-
sive PT symmetries. Our findings suggest an experimentally
5feasible way to achieve negative Gilbert damping that is es-
sential for studying the PT physics and for observing the EP
in magnonic systems.
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